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Abstract— This paper presents a user-friendly design 
method for accurately sizing the distributed energy resources of 
a stand-alone microgrid to meet the critical load demands of a 
military, commercial, industrial, or residential facility when the 
utility power is not available.  The microgrid combines 
renewable resources such as photovoltaics (PV) with an energy 
storage system to increase energy security for facilities with 
critical loads. The design tool’s novelty includes compliance with 
IEEE standards 1562 and 1013 and addresses resilience, which 
is not taken into account in existing design methods.  Several 
case studies, simulated with a physics-based model, validate the 
proposed design method. Additionally, the design and the 
simulations were validated by 24-hour laboratory experiments 
conducted on a microgrid assembled using commercial off the 
shelf components. 
Keywords— energy security, off-grid, stand-alone, 
photovoltaics, solar, batteries, microgrid, distributed energy 
resources. 
I. INTRODUCTION 
Energy security is of great strategic importance for those 
facilities where critical loads are present.  When the utility grid 
is suddenly malfunctioning, the energy security of the facility 
is threatened and the use of microgrids with distributed energy 
resources (DERs) can improve it [1].  According to [2], “a 
succinct way to approach energy security is through the four 
As: availability, affordability, accessibility (to all), and 
acceptability (from a sustainability standpoint).”  Back-up 
diesel generators are typically available in critical facilities 
and they are turned on to power critical loads when the utility 
power grid is down. However diesel generators are not 
sufficient to ensure the resilience of the critical facility 
because fuel supply may not be guaranteed for the duration of 
time during which the critical loads must be powered, as an 
example. This paper proposes a design methodology, 
compliant with IEEE standards [3][4], to size the combination 
of a renewable energy source, such as photovoltaic (PV), and 
energy storage, to set-up a secondary, or redundant, microgrid 
with the goal to increase the resilience of a critical facility and 
to boost energy security allowing for full-time mission support 
when the utility grid is down.  
Many design programs are available to size, optimize, and 
run sensitivity and economic analysis of distributed energy 
resources. The most popular are the Hybrid Optimization 
Model for Electric Renewables (HOMER) [5], System 
Advisor Model (SAM) created by the National Renewable 
Energy Laboratory (NREL) [6], and the Microgrid Design 
Toolkit (MDT) made by Sandia National Laboratories (SNL) 
[7]. These design tools are mainly focused on designing grid-
tied and hybrid renewable power systems, but they can be used 
for designing stand-alone power systems as well. Previously 
published literature, such as [8]–[10], focuses specifically on 
the design and analysis of off-grid power systems, but none of 
these fully captures resilience, which is one of the pillars of 
energy security. The provision of continuous power to critical 
loads on a critical facility is undisputable for desired energy 
security. This can be accomplished by proper design of a 
stand-alone microgrid which, used in addition to back-up 
generator, will boost resilience and energy security.   
This paper presents a design tool for sizing the DERs of a 
stand-alone microgrid including PV arrays as power sources 
and batteries as energy storage. The output of the design tool 
feeds a physics-based model used to simulate the desired 
autonomy period defined by the resilience performance 
requirements of the critical facility’s energy manager. In the 
model, a scaled 24-hour load profile is used to simulate the 
system designed and to demonstrate its performance. The 
design tool and model are validated by experimental 
measurements on a microgrid set-up with commercial off the 
shelf (COTS) components.  
II. DER DESIGN METHODOLOGY 
This paper proposes to achieve energy security by setting 
up a microgrid, which can be assembled with COTS 
components, as a redundant source for the critical loads that 
must be powered at all time.  Assuming that diesel generators 
are already in place, the DERs of the redundant microgrid are 
sized to achieve resilience in the worst case scenario: loss of 
utility grid and loss of the generators or unavailability of fuel.  
Performance requirements set by the facility’s energy 
manager will determine which loads can be shed and which 
loads are critical.  The proposed design method outputs the 
sizes of PV panels and batteries and complies with both IEEE 
Standards 1562-2007 [3] and 1013-2007 [4].  A design tool 
was created with this method and implemented with a user-
friendly interface in Matlab, however any other widely-
available software packages can be used. The users can either 
input the characteristics of the elements they have decided to 
use (PV, batteries) or select from among a variety of the most 
efficient ones available on the market. 
The peak power consumption of the critical AC loads and 
DC loads (if there are any) is the first input to the proposed 
design tool.  The first step in the design is the calculation of 
the appropriate battery capacity, computed with (1) and (2), 
given the critical AC load power demand in MWh/day, the 
inverter efficiency and the bus voltage. 
 AC LoadDC Load [MWh/day]
Inverter's Efficiency




Load [Ah/day at DC Bus]
V
=  (2) 
To further enhance the resilience of the critical facility, an 
autonomy period is taken into account. This is the number of 
days when the critical load must be supported entirely by the 
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fully charged battery bank without receiving power from the 
PV array. The most important out of many considerations that 
should be made to determine the autonomy are the criticality 
of the load application, the system availability, and solar 
irradiance variations of the area of interest throughout the day 
or season. This feature allows an energy manager to account 
for the performance requirement of the critical loads when 
using this design tool to size the batteries. The unadjusted 
battery capacity is given by multiplying the load demand at 
the DC bus [Ah/day] by the Autonomy period [days] (3). 
 Unadjusted Battery Capacity[Ah] Load Autonomy= ⋅  (3) 
In addition to the battery voltage (Vbat) and its capacity 
(Capacity) in Ah, depending on the selection of type of battery 
(deep cycle lead acid or Li-Ion), the Maximum Depth of 
Discharge (MDOD), the battery efficiency, and the multi-cell 
recharge voltage are determined. One of the factors that the 
design algorithm also considers is the temperature, since it 
affects the available battery capacity. The battery capacity is 
adjusted by specific temperature correction factors (TCF) for 
lead acid [8] and Li-Ion batteries [12].  For lead acid batteries 
the TCF drops with temperature, going from 1 at 25°C (and 
higher), to 0.95 at 15°C and down to 0.65 at -20 °C.  For Li-
Ion batteries the TCF is 1 for temperatures down to 5°C, then 
drops to 0.95 at -5°C and 0.77 at -20 °C [1], as the capacity of 
Li-Ion batteries is less affected by temperature than the 
capacity of lead acid batteries. 
The battery capacity is further adjusted for the MDOD 
which is a parameter that should be selected from resilience-
oriented life cycle cost analysis. A design margin (M) of 10% 
(M=1.1) is also taken into consideration to maintain the 
system’s availability, and for uncertainties in the load 
determination, as in (4). 
UndajustedBatteryCapacity





For the sizing of the batteries, IEEE standard 1562-2007 
refers to the system voltage range and also mentions that it 
should be defined accordingly [3]. Specifically, the standard 
defines Vmax, as the lowest maximum voltage and Vmin, as the 
highest minimum voltage, between which all loads operate 
properly. According to [3] the number of series connected 




Bat rounded  down)
V
=  (5) 
where the multi-cell charging voltage (Vmulticell) is given by 
the product of the voltage of the individual cell and the 
number of cells in the battery as in (6), with the number of 
cells computed in (7) for lead acid and Li-Ion batteries. 
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An alternative to (5) was introduced, for two reasons: i) 
the difficulty of recording the maximum and minimum 
voltages at which each DC load is operating and ii) 
determining the number of series-connected batteries using 
the recharge voltage will, in some cases, result in a lower 
voltage during the periods when the batteries are mostly 
depleted. On the other hand, using the nominal battery 
voltage is straightforward, therefore the number of series 
connected batteries is determined by (8) in the proposed 
design tool. 
 ( ) busseries
bat
V
Bat rounded  up
V
=  (8) 




Bat rounded  up)
Battery (unit) Capacity
=  (9) 
The PV array is designed next. To properly design a 
sufficient stand-alone power system, it is recommended to 
use the peak sun hours (PSH) in kWh/m2 of the month with 
the lowest solar radiation for the desired location. PSH data 
is available from the NREL’s national solar radiation 
database [13] including 25 years of solar radiation data and 
several other factors such as wind and temperature.   
The system losses that should be taken into consideration 
include battery efficiency, wire losses, dust, aging of the PV 
array, and other parasitic losses. A fair assumption of 15% 
total system losses is considered as a default value in the 
design tool, and this is updated by adding the complement of 
the roundtrip battery efficiency (battery roundtrip losses): 
 0.15 (1 )effSL Bat= + −  (10) 
Considering that the PV array is designed to recharge the 
batteries that are supplying the power to the load, the output 
voltage of the PV array should be greater than the battery bank 
recharge voltage. The equation that is proposed by IEEE 
Standard [3] is taken a step further by determining the number 
of PV modules that should be connected in series by (11), 
where the Vmp is the voltage at the maximum power point of 
the PV module used.  
It should also be mentioned that MPPT charge controllers 
are often used to increase the PV efficiency. The use (or not) 
of MPPT controllers is a choice for the user in the input 
window of the proposed design tool. The design tool accounts 
for a derating voltage factor of 80% when the PV array is 
directly connected to the battery bank to assure that the knee 
of the maximum power point is well above the battery 
recharge voltage. On the other hand, if MPPT controllers are 
used, the derating factor is set to 95% to account for any 
variations of high ambient temperatures as well as power 
conversion losses of the MPPT.  A specific temperature 
correction factor was not included in (11) and will be 
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An additional parameter considered for the determination 
of the number of PV modules that should be connected in 
parallel is the PV array-to-load ratio (A:L). The users can 
select the desired A:L according to their location and the 
loads’ performance requirements; typically 1.1 to 1.2 for non-
critical loads and areas with high and consistent solar radiation 
and 1.3 to 1.4 for critical loads or areas with low solar 
radiation. The number of PV modules that should be 
connected in parallel is determined by (12), where Imp is the 
current at the maximum power point of the PV module used. 
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III. MODELING AND SIMULATIONS 
The design tool described in the previous section was 
validated through simulations and laboratory experiments. In 
this section we present the simulated results.   
A physics-based model was created and implemented in 
Simulink/Matlab for a simple microgrid architecture including 
PV arrays, energy storage and an equivalent DC load, 
simulated by a load profile after the conversion from the AC 
load demand. The architecture of the microgrid is shown in 
Figure 2, which is also the circuit schematics of the COTS 
microgrid assembled in the laboratory for the experimental 
validation.  This architecture was chosen for two reasons: 1) it 
is simple to assemble by use of widely available COTS 
components, 2) it is more reliable than more complex 
architecture because it requires a minimum number of 
components. 
The DER design tool, implemented in Matlab/Simulink, 
feeds its outputs into the physics based model, which is 
designed to supply a critical load throughout the day, when the 
utility grid is unavailable due to an unscheduled failure. The 
AC load demand is converted to DC and applied on a “typical 
load current profile of a remote microgrid” [14]. The area of 
the load profile over the 24-hour period is the DC load in 
Ah/day. The profile can be scaled based on the load demand 
input by the user. The current load profile used for the 
simulations is shown in Figure 3.  
The design tool, in combination with the physics-based 
model allow a critical facility’s energy manager to size the 
DERs of a microgrid and simulate several days or months of 
stand-alone operation to verify that the performance 
requirements for the critical loads are met. Here we validate 
this tools with two 24-hour scenarios: 1) in the absence of 
sunlight, or disruption of the PV arrays and 2) with sunlight 
and operational PV source.    
A. First Scenario: 24-hour Autonomy without Sunlight 
As mentioned earlier, the basic concept of the design of 
the energy storage component is to be able to support the 
system load, without receiving power from the PV array. The 
first simulation is meant to confirm this design specification. 
The inputs to the design tool are provided in Table I.  
Additionally, Li-Ion batteries were selected and, specifically, 
the Relion RB48V200 [15] and for the design of the PV array, 
the SunPower X22-360-COM PV panels were used [16]. The 
PV arrays are connected to MPPT converters, which feed the 
battery bank. With these inputs, the output of the design tool 
is shown in Figure 1, where the Matlab graphic user interface 
(GUI) is displayed.  The design results feed into the 
simulation, which is run from the GUI by pressing the “Run 
Simulation” button. 
TABLE I.  USER INPUTS TO THE DESIGN TOOL 
AC Load [MWh/day] 3 
Peak-Sun Hours (PSH) [kWh/m2] 4.12 
Required Usable Storage [Days] 1 
Inverter Efficiency 0.85 
System Voltage [V] 480 
Temperature [C] 25 
Array-to-Load Ratio (A:L) 1.1 
 
 
Figure 1. Matlab GUI for the design tool, displaying the outputs. 
Simulating for the autonomy period of 24 hours and 
setting the power output of the PV array equal to zero, to 
simulate for a cloudy day, we obtain the plots shown in Figure 
3 and Figure 4. The plots show that the batteries supply the 
total load current demand, since the output of the PV array is 
zero, imitating a cloudy day. The key result of this exercise is 
shown in Figure 4 which indicates that the batteries are not 
depleted at the end of the 24 hours, confirming that the energy 
storage system is able to support the system load, without 
receiving power from the PV array for the period of the 
desired autonomy. It should also be mentioned that the SOC 
will never drop lower than the complement of the MDOD of 
the batteries. 
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Figure 3. PV current=0, load and battery currents are identical for the first 
simulated scenario without sunlight. 
 
Figure 4.  Battery SOC in the scenario without sunlight. 
B. Second Scenario: 24-hour Autonomy with Sunlight 
In this scenario the DER design tool determines the rating 
and quantity of the PV arrays and feeds this information into 
the model. The PV output in Ah is implemented by a step 
profile imitating a parabola to approach the hourly solar 
irradiance [17]. This profile is scaled according to the output 
of the PV array that is being calculated from the design tool. 
The simulated PV current profile is shown in Figure 5.  With 
this PV current, and with the input parameters in Table I the 
plots shown in Figure 5 through Figure 7 were obtained.  
 
Figure 5. Load and PV currents for the scenario with sunlight. 
 
In this simulation, the PV array output current from 06:00 
until 21:00 hours compensates for the battery current, as 
shown in Fig. 6. Up to 08:00 hours, the load demand is higher 
than the output of the PV array and thus the battery current is 
still positive, delivering most of the power to the load. 
Beginning at 08:00 hours, when the PV array output gets 
higher than the load demand, it charges the batteries until 
about 14:30, when they are fully charged. Finally, at 19:00 
hours when the solar insolation has been reduced significantly, 
but the load demand remains at a moderate level, the batteries 
are being discharged until the end of the day, at which point 
they reach a SOC of 93.79%. 
 
Figure 6.  Load and battery currents in the scenario with sunlight. 
 
Figure 7. Battery SOC in the scenario with sunlight. 
An additional simulation was developed to show the 
influence of the A:L on how fast the batteries are going to be 
charged. The simulation parameters are identical as the 
previous scenarios, except for the A:L ratio which was 
increased from 1.1 to 1.3. The plots in Figure 8 show that the 
increased A:L results in approximately 30% faster battery 
charging.  The new scenario also results in PV array output 
that is 20% higher. 
IV. EXPERIMENTS MEASUREMENTS 
Laboratory experiments are presented in this section and 
compared with the simulation results to validate the design 
tool. Once again, we consider the two scenarios: 1) 24-hour 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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autonomy without sunlight and 2) 24-hour autonomy with 
sunlight. 
 
Figure 8 Battery SOC (A:L=1.1 vs. A:L=1.3). 
For the experiment without sunlight the PV were not 
included in the microgrid and four lead acid batteries of 12V 
and 100Ah capacity were used. The laboratory set-up is shown 
in Figure 9.  Plotting together the battery SOC of the 
laboratory experiment, using the Coulomb counting method 
[18], and the simulation, we obtained Figure 10. The matching 
of the plot of the battery SOC in the simulation with the one 
of the experiment validates the design tool. Same results were 
obtained using the open circuit voltage method [18][19]. 
 
Figure 9. Laboratory experiment setup for the scenario without PV output. 
 
Figure 10. Comparison of simulated and measured battery SOC for the 
scenario without sunlight. 
For the execution of the 24-hour laboratory experiment 
with sun, 12 PV panels, 3 lead acid batteries and 3 MPPT 
charge controllers were used to make the configuration shown 
in Figure 2, the setup of which is shown in Figure 11. For the 
implementation of the load, a halogen lamp of 90 Watts was 
used for the whole 24-hour time period.  
 
 
Figure 11. Laboratory setup for the 24-hours with sunlight. 
The laboratory experiment started at 21:00 hours, when 
there is no sunlight, in order to show the lowest state of charge 
that the battery bank can reach before the sunrise. This also 
showed how fast from this state of charge the batteries can be 
fully charged during the day. The PV array output current, 
conditioned by a MPPT module, is observed in Figure 12, and 
it is also the battery input current, as far as the shape is 
concerned, because the outputs of the MPPT modules feed the 
battery bank, as shown in Figure 2.  Figure 13 contrasts the 
experimental SOC plot with that obtained in simulations using 
the scaled PV profile in Figure 5.   
 
Figure 12. PV array output current. 
 
Figure 13. Experimental and simulated battery SOC in the scenario with 
sunlight, using the ideal PV current. 
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Although the two curves in Figure 13 are similar, the 
differences are due to the discrepancies between the 
experimental PV profile in Figure 12 and the standard PV 
profile used in simulation (Figure 5). The experimental PV 
current increased rapidly, but also decreased very early on the 
day of testing, instead of the gradual current changes of the 
default PV profile implemented in the Simulink model. Thus 
an additional plot, shown in Figure 14, was created by feeding 
the experimental PV current into the physics-based model to 
correct the simulations. The perfect match once again 
validates the model.  
  
Figure 14. Experimental and simulated battery SOC in the scenario with 
sunlight using the experimental PV current. 
V. CONCLUSIONS 
The design tool presented in this paper can assist a critical 
facility’s energy manager in accurately sizing back-up DERs 
for stand-alone microgrids that are activated when utility grid 
power is down and in the absence of diesel generators.  The 
goal is to provide energy security in a military facility, a 
commercial/industrial facility, or a residential facility, where 
critical loads are present. This tool uses design equations in 
compliance with IEEE Standards [3], [4] and it can be 
implemented in any widely-available software packages.  In 
this paper the design tool was implemented in a Matlab 
program featuring user-friendly input and output GUI 
windows.  
The proposed design methodology was evaluated using 
both simulations and laboratory experiments. Several case 
studies, simulated with a physics-based model, validate the 
proposed design method. Additionally, the design and the 
simulations were validated by 24-hour laboratory experiments 
conducted on a microgrid assembled using COTS components 
sized with the proposed design tool. 
The design tool presented, in contrast to others, allows the 
user to account for resilience and, thus, energy security. 
Throughout this paper the design parameters particularly 
affected by resilience analysis were highlighted, such as the 
battery autonomy period.  The tool is fully editable and 
available to research groups for optimization. A team of 
engineers is currently conducting research in optimizing 
different aspects of this design in order to provide resilience 
in critical facilities. The availability of such a fully editable 
tool is of great advantage for the achievement of energy 
security.  
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